Hybrid membranes based of polyphenylene oxide matrix and star macromolecules (up to 5 wt%) containing six polystyrene and six poly-2-vinylpyridine arms attached to a common fullerene C 60 center were prepared and successfully used for pervaporation separation of acetic acidwater mixtures. The peculiarities of the hybrid membrane structure and properties were studied by small-angle neutron scattering in two states (dry and swollen in deuterated acetic acid). It was established that star macromolecules are non-uniformly distributed in the matrix and form aggregates; they increase in the size up to~60% during swelling of membranes in deuterated acetic acid. In pervaporation, the total flux through the membrane rises with increasing both the star macromolecule content in membrane and water concentration in the feed. Separation factor reaches its greatest value when the hybrid membrane contains 5 wt% star macromolecules.
H I G H L I G H T S
• Polyphenylene oxide was modified by star macromolecules with different natures of arms for membrane preparation • The effect of star modifiers on membrane structure, density, surface, sorption and separation parameters was investigated • Membranes structure was studied by small-angle neutron scattering method for mass transfer characterization • Star macromolecules create an additional free volume which affects on pervaporation performance • The water impurities were effectively removed from acetic acid using hybrid membranes containing up to 5 wt% of modifiers
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Introduction
Modern membrane technologies have great potential for applications in separation, concentration, and purification of substances in the liquid and gaseous states [1, 2] . Acetic acid is among the most important products of commercial organic synthesis. Only a small portion of the produced acetic acid is used in the home and food industry; the bulk of the product is consumed in chemical and pharmaceutical industries, in the processing of synthetic fibers and fabrics, printing, leather industry, paint and varnish industry, etc. More than half of all acetic acid manufactured in the world is spent on synthesis of polymers (namely, cellulose and vinyl acetate derivatives). World production and consumption of acetic acid is growing steadily every year. According to the forecasts made by Global Industry Analytics, Inc. (Acetic Acid -Market Analysis, Trends and Forecasts), consumption of acetic acid will reach 20.2 million metric tons by 2024.
Anhydrous (glacial) acetic acid is often necessary for performing various reactions. Acetic acid and water do not form mixtures of azeotropic composition, however, the separation of the components of these mixtures is difficult. Dehydration of acetic acid containing 3-5 wt% of water can be performed using water bonding agents (sodium and magnesium sulfates, phthalic anhydride, calcium chloride, etc.), as well as by azeotropic distillation in the presence of n-propyl or n-butyl acetate (the entrainers that form azeotropes with water) [3] .
An alternative method for separation of acetic acidwater mixtures is membrane pervaporation; advantages of this technique include resource saving, low energy consumption, smaller capital investment, enhanced ease of operation and high productivity [4] [5] [6] [7] [8] . In contrast to rectification process, pervaporation membranes separate mixtures at mild temperatures and without the introduction of additional components even for separation of azeotropic mixtures and close boiling liquids. Pervaporation efficiency depends on the type of the selected membrane material. Various chemically modified polymers were studied as membrane materials in dehydration of acetic acid; they include copolymers, graft-copolymers, cross-linked polymers or composites based on polyacrylonitrile [9] [10] [11] , poly(vinyl alcohol) [12] [13] [14] , polysulfone [15] , nylon-6 [16, 17] , polybenzimidazole [18] and mixed matrix membranes filled with particles of different type (silicate [19] , zeolites [20, 21] , fullerenol [22] , montmorillonite [23] ). To solve the problems of separating acetic acidwater mixtures, acid-resistant silicalite and organosilica membranes were developed [24] [25] [26] , as well as zeolite-based membranes with surface layer consisting of graphene oxide [27] . Notice also the membranes for separation of acetic acid and water produced in the form of multicomponent polymer systems that were subjected to additional modification [28, 29] and composite membranes in the form of polymer layers fixed on micro-and ultraporous substrates [30, 31] . Preparation of the above-mentioned membranes involves a number of experimental difficulties (such as synthesis of the polymers with complex structure, additional chemical modification of the membrane or its selective layer, multi-stage synthesis, and formation of the membrane, etc.).
The singularity of the present work is the use one of the simplest methods for modifying membranes that consists in physical combination of matrix poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) and a modifier by mixing solutions of the components followed by removal of the solvent. PPO membranes have not yet been applied for separation of acetic acidwater mixtures. PPO has proven itself as a suitable material for producing diffusion membranes due to its good mechanical strength, high thermal stability, chemical and radiation resistance [32, 33] . PPO membranes were modified by various carbon or mineral nanoparticles to improve their transport properties [34] [35] [36] [37] [38] .
In our previous works, pervaporation membranes have been modified by small amounts of star macromolecules (1-5 wt%) [39] [40] [41] . Sixarm or twelve-arm stars consisted of fullerene C 60 core, polystyrene (PS) arms [39] and polymeric arms of different nature [40, 41] . These membranes were used in pervaporation of methanolethylene glycol mixture and separation of a quaternary mixture (n-propanolacetic acidpropyl acetatewater). The increase in modifier content up to 5 wt% led to an enhancement of efficiency of methanol purification; equilibrium of esterification reaction shifted, and the ester yield increased.
The main goal of the present work was to study transport properties of PPO membranes modified by small amounts of star macromolecules with C 60 core in pervaporation separation of acetic acidwater mixture. The star macromolecule consisted of a fullerene C 60 core with six attached nonpolar PS arms and six arms of polar poly-2-vinylpyridine (P2VP). Small-angle neutron scattering was used to study changes in the structure of the membranes modified by star macromolecules that occur during swelling in deuterated acetic acid. This method enables one to investigate films in the dry and swollen state using selective isotopic contrast (swelling in a deuterated solvent). Besides, small-angle neutron scattering provides an opportunity to study fine structural features of a membrane (morphological formations, micro (nano) cavities), which cannot be registered by electron microscopy and other methods.
Small-angle neutron scattering has been used in our previous works [42] [43] [44] . It has been shown that introducing star macromolecules into PPO matrix leads to appearance of changes in membrane structure, formation of regions with different polymer packing densities, variations in the arrangement of macromolecules.
Experimental

Materials
Poly(phenylene oxide) (molecular weight: 172 kDa, density: 1.057 g cm −3 , Brno, Czech Republic) and fullerene C 60 (purity: 99.9%, Neo Tech Product, Research&Production Company, Russia) were used. Chloroform (Vecton, Russia) was used as a solvent without additional purification. Nonporous cellophane film (thickness: 70 μm) based on cellulose hydrate (Secon, Germany) was used as a support.
Star macromolecules ( Fig. 1 ) were obtained by attaching chains of different structure (polystyrene and poly-2-vinylpyridine) to the fullerene C 60 core; in this process, anionic polymerization methods were used [45, 46] .
In the resulting twelve-arm star macromolecule, the C 60 core carries equal numbers of PS and P2VP arms. The structure of regular twelvearm star macromolecule has been proven earlier by hydrodynamic studies. [47] . According to the data of size-exclusion chromatography, molecular weight of PS arm was M n = 6900 D (M w /M n = 1.04). The length of P2VP arm was predetermined by polymerization conditions so as to be equal to the length of the non-polar arm; the experimentally estimated value was 7000 D [45, 46] . 
Membrane preparation
The PPO-based composites containing 1, 3, and 5 wt% star macromolecules (denoted as PPO-0, PPO-1, PPO-3, and PPO-5, respectively) were prepared by mixing measured amounts of 3 wt% solution of PPO and 3 wt% solution of the star modifier in chloroform. The mixed solutions were stirred intensely for 1 h and kept under steady state conditions for 2-3 days in order for interaction between PPO and star macromolecules to occur at room temperature. Finally, the solutions were sonicated for 40 min to achieve uniform distribution of star filler.
Thin film membranes were obtained by casting 3 wt% polymer solutions in chloroform onto nonporous cellophane support. The solvent was removed by evaporation at 40°C for 24 h. The membrane was separated from the substrate and dried in a vacuum oven at 60°C (pressure 2 mbar) until constant weight was reached (about 3 weeks).
Membrane characterization
Film density ρ (g cm −3 ) was estimated by the flotation method using a laboratory-made measurement unit and water -saccharose solutions. The weight of used samples was 0.05-0.10 g; the error of measurements was ±0.0001 g cm −3 .
Contact angles were measured by sessile drop method with the aid of the Drop Shape Analyzer DSA 10 (KRÜSS, Germany) under atmospheric pressure, at 20°C. Water was used as a test liquid (surface tension 72.4 mN/m).
Neutron studies
To perform neutron scattering experiments, the films were cut into strips (10 × 60 mm), and these strips (4-6 films) were stacked together to obtain the layers 0.30-0.70 mm thick. The measurements were carried out at ambient temperature (20°C) and involved dry and swollen film samples. The "Yellow submarine" diffractometer (BNC, Budapest, Hungary) was used in the experiments; scattering was detected in the range of momentum transfer q = (4π/λ)sin(θ/2) = 0.08-4.5 nm −1 (θ is the scattering angle, λ is the neutron wavelength (0.386 nm and 0.751 nm), full spectral width at half maximum is Δλ/λ ≈ 0.1). The data corrected for background scattering were normalized to the intensities (I W ) measured for the standard (light water, layer thickness d W = 1 mm) with the known cross section dσ W (q)/dΩ per unit solid angle (Ω) and unit volume (cm 3 ). This procedure enables one to take into account the efficiency of detector cells and obtain the differential cross sections of the samples in absolute units, dσ(q)/dΩ = (I S /I W )(d W /d S ) dσ W (q)/dΩ, per unit solid angle and unit sample volume. Before and after scattering measurements, the transmissions (Tr) of the samples for neutron beam were controlled. The Tr magnitude depends on film thickness and density as well as the presence of a solvent inside a sample.
First, the structure of dry PPO films and its composites with star macromolecules was studied. Then these samples were saturated with deuterated acetic acid during~10 h, since this solvent has a good contrast against polymer matrix [48] . Finally, the data obtained for dry and wet films were compared. Sorption experiments were performed by immersion of membrane samples into individual liquid (acetic acid or water) at atmospheric pressure, 50°С. After a while, samples were removed from the liquid, wiped carefully with tissue paper and weighed immediately; the error was ±10 −4 g. The experiment was continued until sorption equilibrium was reached.
The degree of equilibrium sorption, S (g liquid/100 g polymer), was calculated by the following equation:
where M s is the weight of a swollen membrane in equilibrium state, and M d is the weight of a dry membrane.
Pervaporation
Membrane transport properties were evaluated using the setup for vacuum pervaporation with the effective membrane area of 14.8 cm 2 at 50°С. The downstream pressure was maintained below 10 −2 mmHg. Under these conditions, the stationary flow was established in 5-6 h, and the membranes demonstrated stable performance for a month. A non-flow stainless steel cell equipped with a stirrer was used. The permeate was collected into a liquid nitrogen cooled trap, weighed and analyzed. Permeate composition was determined using a Chromatec-Crystal 5000.2 chromatograph (Chromatec, Russia) equipped with a thermal conductivity detector and a Porapak Q column (80/100 mesh).
Separation factor was calculated by the following equation:
where Y Water and Y HAc are the weight fractions of water and acetic acid in the permeate, and X Water and X HAc are the weight fractions of water and acetic acid in the feed. Membrane flux, J (g m −2 h −1 ), was determined as an amount of liquid penetrated through membrane area per unit time. To compare permeability of membranes with different thicknesses l (varied from 18 to 26 μm), the normalized permeability value J n was used. J n is the permeability through membrane with a thickness of 20 μm calculated as: J n = J · l/20.
To estimate intrinsic properties of a penetrantmembrane system, permeability and selectivity were calculated [49] . Membrane permeability (P i ) can be determined as a flux of a component normalized to membrane thickness and driving force; it was calculated using the following equation:
where j i is the molar flux of component i (cm 3 (STP)/cm 2 s), and p i0 and p il are the partial pressures of component i on both sides of the membrane (0 stands for the surface on the feed side, and l stands for the surface on the permeate side). Permeability was expressed in Barrer units (1 Barrer = 1 · 10 −10 (cm 3 (STP)·cm/cm 2 s·cm Hg). In order to maintain the driving force of separation, a vacuum was created on the permeate side of the membrane; therefore, the partial pressures were equal to zero here.
Partial pressures of components on the feed side were calculated using components activities, which were taken from [50] .
Membrane selectivity β Water/HАc was defined as a ratio between permeabilities:
Results and discussion
Hybrid membranes were prepared from the composites based on poly(phenylene oxide) (PPO) and star macromolecules with C 60 core; the composites contained 1, 3, and 5 wt% star modifier and were denoted as PPO-0, PPO-1, PPO-3, and PPO-5, respectively. The membranes were used in рervaporation and small-angle neutron scattering experiments. The properties of hybrid membranes differ significantly from those of the matrix polymer. Introduction of the star modifier that consists of fullerene C 60 core with six attached PS arms and six P2VP arms into the PPO matrix results in changes in physical properties of the membranes (such as glass transition temperature, density, and contact angle [41] ). As seen from Table 1 , the values of glass transition temperature and densities of membranes increase with increasing star filler content in the PPO matrix. These phenomena are attributed to strengthening of intermolecular interactions between the matrix polymer and the star filler and to a certain decrease in chain mobility. The membrane structure becomes more compact due to intermolecular segregation of the polar P2VP arms [51] and due to good compatibility between the PS arms and the PPO matrix [52] .
In this case, the contact angle of water on the membrane surface decreases; therefore, it may be concluded that the hybrid membranes become less hydrophobic than the pure PPO membranes.
Mass transfer of acetic acid and water
Transport of acetic acid and water through a membrane depend both on the membrane properties and the characteristics of test liquids. Table 2 shows some physicochemical properties of acetic acid and water. Water has lower boiling point, dynamic viscosity, and molecular size than those of acetic acid; molar volume of water is 3 times smaller than the corresponding parameter of acetic acid. On the contrary, the Hildebrand solubility parameter (δ) of acetic acid is significantly lower than that of water. The data on solubility parameters for different organic liquids can be used to predict solubility of a polymer in these liquids. According to the solubility theory [53] , the less the difference between solubility parameters of a polymer and a liquid | Δδ |, the better solubility of this liquid in the polymer. The δ value of PPO is equal to 18.2 (J/cm 3 ) 1/2 [39] . Hence, acetic acid solubility in the membranes should be preferential as compared to water.
The experiments involving sorption of acetic acid and water by PPO-0, PPO-1, PPO-3, and PPO-5 membranes were carried out in individual liquids according to the immersion method at 50°C. Fig. 2 shows dependence of equilibrium sorption degree of acetic acid and water on star modifier content in the membrane. PPO-based membranes sorb acetic acid very well (this effect was expected when comparing solubility parameters), and the equilibrium sorption degree increases significantly with increasing percentage of P2VP-containing star modifier. The PPO-0 membrane practically does not sorb water. However, the presence of star macromolecules facilitates water sorption; as a result, the equilibrium sorption degree for PPO-5 membrane (the sample with the greatest modifier content) is equal to 5.6 g / 100 g of polymer. To summarize, the preferential sorption of acetic acid was established; an increase in the sorption activity of hybrid membranes with increasing modifier content was observed.
Pervaporation
Separation of acetic acidwater mixture was studied by pervaporation at 50°C; the PPO-based membranes containing 0, 1, 3, and 5 wt% star modifier were used. All membranes were sufficiently permeable to water. Fig. 3 shows dependences of the total flux and the separation factor on water percentage in the feed. The total flux increases with increasing water content from 30 to 90 wt%, but the separation factor decreases in all cases. An increase in the star modifier content contributes to an increase in the flux and separation factor. The highest total flux and separation factor were revealed for PPO-5 hybrid membrane.
To analyze transport properties of the membranes, the pervaporation processes should be described not only in terms of flux and separation factor, but also in terms of selectivity and permeability [49, 54] . This approach allows normalizing the properties of membranes with respect to driving forces (partial vapor pressure) and makes it possible to reveal specific properties of the membrane-penetrant system. Permeabilities to individual liquids (water and acetic acid) and selectivity values (β Water/HАc ) were calculated for the original PPO-0 and hybrid membranes containing 1, 3, and 5 wt% of star molecules according to the procedures described by Baker et al. [49] . Fig. 4a shows the dependences of water and acetic acid permeability on water content in the feed. It is seen that introduction of star macromolecules into the membranes and increase in star modifier concentration lead to an increase in the permeability of small water molecules and decrease in the permeability of acetic acid that may be a result of increased sorption activity of hybrid membrane toward bulk acetic acid molecules. When the feed is enriched with acetic acid (water:acetic acid = 30:70), the PPO-5 membrane demonstrates the highest permeability; this result may be attributed to increased sorption activity of this sample toward acetic acid.
We should also take into account contribution of the polymeranalogous transformations in hybrid membranes into permeability improvement; these transformations occur during interaction between P2VP chains and acetic acid ( Fig. 5 ) [55] . P2VP salt is soluble both in acetic acid and water, but it is not washed out from the membrane, since P2VP chains are covalently linked to the fullerene C 60 core. Thus, sorption of acetic acid causes changes in the internal chemical structure of the transport channels, which facilitates mass transfer. Water is the more permeable component of the mixture due to smaller size of its molecules compared to that of acetic acid molecules.
The facilitated permeation of water molecules is reflected in the increased selectivity of the PPO-5 membrane. Fig. 4b shows the dependence of membrane selectivity (β Water/HAc ) on water content in the feed. In the absence of driving forces, the membrane selectivity also increases with increasing content of star macromolecules in the membrane.
Neutron scattering
Small-angle neutron scattering was used to obtain information about the structure of transport channels consisting of free volume elements and about the nature of connectivity between channels in modified membranes. The membranes were studied in the dry and swollen states after saturation with deuterated acetic acid, which has a strong contrast against the polymer matrix. Our aim was to study penetration of labeled small molecules of acetic acid into regions with different molecular packing densities in polymer matrices, depending on the amount of modifier (star macromolecules).
Embedding of star polymers into PPO matrix can be accompanied by segregation of the modifier molecules. Apparently, this process disturbs the original molecular packing of PPO matrix; this assumption is confirmed by the neutron scattering data obtained for dry films (Fig. 6 ). Increase in the content of star molecules up to 5 wt% leads to rise in the magnitude of cross section σ(q) in the region of low momentum transfer values, q b 0.3 nm −1 . This result indicates the formation of molecular ensembles at scales R ≥ 10 nm (Fig. 6b) . We estimated the size of density inhomogeneities in PPO-5 using Guinier approximation for cross section [56] ,
where σ 0 is the forward cross section (the limit of σ(q) at q → 0), R g is the gyration radius of inhomogeneities, and B is the contribution of incoherent scattering that appears mainly due to the presence of hydrogen in the sample. The fitting parameters of function (Eq. (5)) are listed in Table 3 . The cross section value σ 0 = K P 2 (Δρ/ρ) 2 V C is determined by (i) the contrast factor of polymer (K P ) with respect to voids in the matrix, (ii) the characteristic value of density fluctuations (Δρ/ρ) over the average density, and (iii) the correlation volume of a fluctuation V C = (4π/3) 3/ 2 R g 3~1 ·10 4 nm 3 related to its gyration radius R g~1 1 nm. The obtained parameters (Table 3) indicate relatively strong inhomogeneities in molecular packing (Δρ/ρ~10%) that appeared due to the tendency of star macromolecules toward partial segregation. The size of these inhomogeneities (R g~1 1 nm) exceeds the gyration radius of a single star macromolecule in the case of Gaussian approximation of arms [57] (R GG = [(3f + 2)/f] 1/2 R GA~4 nm, where f is the number of arms (f = 12) with gyration radius R GA ). At the same time, the observed size R g~1 1 nm is almost similar to the geometric radius of star molecule with completely stretched arms [58] (R ST = L A~1 7 nm, where L A = n•b u is the length of the arm composed of n = 66 units (the b u length is equal to approximately 0.26 nm)). Note that these star macromolecules are regular structures; molecular weight of each arm is~7000. As a first approximation, this molecule can be considered as a homogeneous sphere, and its gyration radius (R GSP~1 3 nm~R g ) approaches the experimentally determined size (R g~1 1 nm).
Analysis of the obtained data demonstrated that even at relatively low content (c = 5 wt%) of star-shaped molecules, the stars significantly disturb pristine molecular packing in the membrane matrix. Thus, transport properties of PPO can be changed substantially. It is noteworthy that such considerable inhomogeneities inside the PPO membrane appear due to overlapping of embedded star macromolecules, since their numerical concentration N = c·N A /M ST~4 ·10 17 cm −3 defines average spacing between them (R int~N -1/3 14 nm~R GSP ). This distance is almost similar to gyration radius of the star molecule with stretched arms.
Detailed analysis of structural features of membranes and relationship between membrane structure and content of star macromolecules was performed for differential cross sections ( Fig. 7) , Δσ(q) = σ(q) − σ m (q), where σ m (q) is the cross section for pure matrix. This approach enabled us to eliminate the contribution of inherent matrix inhomogeneities and to perform direct investigation of structural peculiarities of star molecules and their distribution in the PPO matrix. For this purpose, we used the scattering data to obtain the distributions of distances G(R) = R 2 γ(R) between scattering centers (repeating units, molecules and molecular clusters), where γ(R) is the pair correlation function for these objects [56, 59] (Fig. 8) .
The scattering curves (Fig. 7) demonstrate a hump in the q rangẽ 0.4-1.0 nm −1 . This feature reflects emergence of short-range order in the ensemble of objects arranged at characteristic distance R q~2 π/q 6-10 nm. Moreover, for samples with high concentration of modifier (5 wt%) the scattering becomes more intensive at q b 0.3 nm −1 , which indicates formation of clusters composed of such objects.
Detailed characterization and study of coordination of these objects were performed using the G(R) = R 2 γ(R) functions (Fig. 8 ).
All the spectra (Fig. 8) include the peak corresponding to the region of correlations inside star molecules, R = 0-4 nm. Position and width of this peak remain constant. Hence, size and conformation of molecules virtually do not change upon variation of their concentration. The integration of spectra over the peak region gave apparent gyration radii of the molecules, r G~1 .6-1.8 nm (Fig. 9a ). As expected, the r G values are 
Table 3
Parameters of Guinier function (Eq. (5)) fitting the data for dry PPO-5 sample. lower than the sizes of individual molecules which can be observed in dilute solutions. Obviously, the central cores of molecules are visible in the matrix. At larger scales (R = 5-25 nm) mutual correlations of star molecules manifest themselves as the peaks at R~10 and 15 nm. They characterize molecular arrangement in the first and second coordination spheres around a given molecule. Their positions do not undergo any substantial changes with increasing star concentration. These are the spatial correlations of molecules contacting at the distances defined by their diameters. Discrete character of correlations becomes more distinct upon addition of the modifier; it is well pronounced at the star concentration of 3 wt%. Further addition of modifier leads to overlapping of molecules. Their interpenetration is evident from merging of peaks that form a wide hump in the range of distances R from 5 to 20 nm. The spectral integrals allowed us to find the gyration radii of aggregates (R G 9-10 nm) and aggregation numbers (m~2-5) that depend on the content of star polymer in a composite ( Table 4 , Fig. 9 ).
According to the data obtained for dry samples (Fig. 9 ), the scales of structures at molecular and supramolecular levels remain stable, while the aggregation number is approximately linearly proportional to modifier content. Hence, the star molecules overlap progressively, and the overlapping causes structural changes in the areas around the aggregates. It was expected that these changes would be even more pronounced upon swelling of the membrane in acetic acid. The membranes were studied in swollen state after saturation with deuterated acetic acid. In swollen samples, the scattering increased due to penetration of the deuterated component into protonated matrix (Fig. 10 ).
As seen in Fig. 10 , the swollen matrix demonstrates approximately constant cross section in the q range from 0.1 to 1.0 nm −1 (that is apparently attributed to predominant incoherent scattering due to the protons of polymers). The addition of 1 wt% of star macromolecules leads to increase in cross sections at q b 0.7 nm −1 , but the resulting values do not exceed the incoherent background. However, the samples containing 3 and 5 wt% of star modifier showed substantial enhancement of scattering, especially near the lower edge of q-range. The result is indicative of the presence of free volume regions that became filled by solvent in these samples.
To characterize the structures that induce scattering, we fitted the experimental data using the function including two coherent components and incoherent contribution,
The first component represents the scattering by the objects whose sizes are comparable to that of an individual star molecule. The second term is related to the scattering by larger objects (i.e., aggregates of (Table 5) . Apparently, in the case of samples containing 3 and 5 wt% modifier, these small objects (gyration radii R g1~2 and 2.5 nm) are individual star molecules in the swollen state. Their size is higher (by 30% and 60%) than their dimensions in the dry state (r G~1 .6-1.8 nm, Fig. 9а ). Comparison of the data (Fig. 9 , Table 5 ) showed that the size of aggregates is twice as large as that in the dry state for the membrane containing 3 wt% modifier (R g2 /R G~2 .2). Hence, the regions occupied by these aggregates and the aggregate/matrix interfaces contain substantial free volume. On the contrary, the sample containing 5 wt% modifier is denser than other films. During swelling, it undergoes virtually similar expansion on the scale of single star molecules and on the scale of aggregates. The ratio between sizes of aggregates before and after swelling (R g2wet /R g2dry~1 .6) increases almost as much as that for single star molecules (by~60%).
Although the regions in swollen membranes that contain aggregates of star molecules are relatively small (Table 5) , it can be assumed that they play a crucial role in the pervaporation separation of wateracetic acid mixtures, since these domains demonstrate enhanced solubility and permeability.
Comparison of transport properties with literature data
The transport properties of the as-prepared hybrid PPO-5 membrane were compared with literature data for the case of separation of the acetic acidwater mixture containing 25-30 wt% water. Table 6 lists data on total flux and water concentration in feed and permeate that have been obtained by use of different polymer membranes [60] [61] [62] [63] . The PPO-5 membrane shows high efficiency in the acid purification as compared to most published data, but it has moderate flux. The presented results indicate the promising application of PPO-5 as material for the dehydration of acetic acid, including as selective layer of composite or hollow fiber membranes.
Conclusions
In this study, hybrid membranes were prepared from PPO modified with star macromolecules (which consist of fullerene C 60 core with six attached PS arms and six P2VP arms); the membranes were successfully used for pervaporation dehydration of acetic acidwater mixture. The hybrid membranes exhibit impressive separation factor and acceptable flux value as compared with transport properties of known membranes. Notice also these data are obtained in the separation of acetic acidwater mixtures with high water concentration (30-90 wt%). The PPO-5 membrane shows separation factor of 400 and a total flux of 0.016 kg/m 2 h in the pervaporation of the mixture containing 30 wt% water at 50°C. The aim of the majority of research works has been to dehydrate acetic acid in the mixtures with small water content (2-10 wt %). On the contrary, our hybrid membranes are promising objects for utilization of waste remaining after synthesis of acetic acid or other substances where acetic acid is involved. The hybrid membranes are very promising due to the fact that they include commercial PPO and very low amounts of star modifier (up to 5 wt%); the preparation method is extremely simple (mixing the solutions of components).
The use of small-angle neutron scattering in this work made it possible to obtain important information about the structure of membranes swollen in the deuterated acetic acid, which is close to the pervaporation conditions. The data on the neutron scattering in our hybrid membranes are indicative of non-uniform distribution of the embedded star macromolecules in the PPO matrix and reveal their aggregation at scales of several molecular diameters. The addition of star molecules results in their partial segregation when the aggregation number reaches~2-5; finally, molecules overlap when concentration of star modifier is equal to 5 wt%. The star molecules introduced into the PPO matrix form fine supramolecular structures. The regions with increased solubility and permeability appear around these supramolecular structures due to transformation of P2VP chains into salt under the action of acetic acid. This effect leads to improvement of membrane transport properties.
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Table 5
Fitting parameters of function (Eq. (6)) for swollen membrane samples: forward cross sections (σ 1 , σ 2 ), gyration radii of molecules and aggregates (R g ). 
Membrane
